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Analysis of Broadband Records from the 28 June 1992 Big Bear 
Earthquake: Evidence of a Multiple-Event Source 
by Laura E. Jones and Susan E. Hough 
Abstract The 28 June 1992 Big Bear earthquake occurred at 15:05:21 GMT and 
is considered to be an aftershock of the earlier Mw = 7.3 Landers earthquake. 
From overall aftershock locations and long-period focal studies, rupture is 
generally assumed to have propagated northeast. No surface rupture was 
found, however, and the mainshock locations determined from both strong 
motion and TERRAscope data are mutually consistent and do not lie on the 
assumed fault plane. Further, directivity analysis of records from the 
TERRAscope array suggests ignificant short- and long-period energy propa- 
gating northwest along the presumed antithetic fault plane. This observation 
is supported by significant early aftershocks distributed along both the pre- 
sumed rupture plane and the antithetic plane to the northwest. An empirical 
Green's function (eGf) approach using both the Mw - 5.2, 28 June 1992 
14:43 GMT foreshock and the Mw = 5.0 17 August 1992 aftershock produces 
consistent results and suggests that the Big Bear event comprised at least two 
substantial subevents. From the eGf results, we infer that the second and 
possibly a third subevent occurred on the presumed (northeast striking) 
mainshock rupture surface, but that significant moment release occurred on 
the antithetic northwest striking surface. We present results from line-source 
fault modeling of broadband isplacement recordings of the Big Bear main- 
shock, which indicate that a two-fault event is necessary to produce the ob- 
served waveforrns. The limitations imposed by the mainshock location and 
directivity analysis require that the initial rupture be towards the northwest, 
striking 320 °. This was fol lowed approximately 4 sec later by bilateral rupture 
along a northeast-southwest fault that strikes 50 ° east of north. 
Introduction 
The Mw = 7.3 Landers earthquake of 11:58 GMT on 28 
June 1992 was followed by tens of thousands of aflershocks 
(Kanamori et al., 1992; Hauksson et al., 1993; Sieh et al., 
1993). The largest of these was the Big Bear earthquake that 
occurred three hours later and was associated with signifi- 
cant damage in Big Bear City. This event was assigned aM w 
of 6.2 based on preliminary surface-wave modeling (H. K. 
Thio, personal comm., 1992). In this article, we obtain a total 
Mw of 6.4 to 6.5 distributed over two distinct fault ruptures. 
The Big Bear earthquake was considered an aftershock 
of the Landers earthquake because it occurred within one 
fault length of the mainshock (Sieh et al., 1993), yet it oc- 
curred on a separate and previously unmapped fault. Al- 
though eclipsed by the larger Landers mainshock, the Big 
Bear earthquake was a significant event in its own right. In 
addition to the considerable damage caused by the event, the 
lack of observed surface rupture makes the rupture process 
of this event more enigmatic. The Big Bear earthquake is
associated with its own fore- and aftershock sequences, in- 
cluding several earthquakes in the M 4 to 5 range. Hereafter, 
we refer to the Big Bear event as a "mainshock." The Big 
Bear event was recorded on-scale by the low-gain channels 
at five stations of the TERRAscope array (Fig. 1). 
We obtain a focal mechanism for the Big Bear main- 
shock using the grid-search method of Zhao and Helmberger 
(1993) and broadband ata convolved with a long-period 
Press-Ewing (LP3090) instrument response; it is shown on 
the location map (Fig. 1), which also shows the patterns of 
seismicity that developed during the Landers-Big Bear se- 
quence. The malnshock focal mechanism and depth (Table 
1) agree with those obtained using long-period regional and 
teleseismic surface waves (Thio, personal comm., 1992). No 
surface rupture was observed for this event, but aftershocks 
generally delineate the extent of an earthquake rupture and 
in this case they appear to line up primarily along the NE- 
striking nodal plane. 
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Figure 1. Map showing overall Landers and Big Bear seismicity. Broadband TER- 
RAscope stations are indicated by triangles. Faults are indicated as follows: SAF (San 
Andreas Fault), GF (Garlock fault), and PMF (Pinto Mountain fault). 
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The Southern California Seismic Network (SCSN) lo- 
cation of the Big Bear event was presumed to be unreliable 
because of a M b = 4 foreshock that occurred 40 sec before 
the mainshock (Hauksson et al., 1993), however, the fore- 
shock was too small to yield appreciable amplitudes on the 
strong-motion recordings. The network location estimated 
from strong motion data of 34 ° 12.36' N, 116 ° 50.11' W 
yields a low rms residual of 0.15 sec and appears to be well 
resolved (L. Wald, personal comm., 1992). This location is 
consistent with the location obtained from TERRAscope 
data: 34 ° 12.6' N, 116 ° 50.4' W. Both locations are signifi- 
cantly distinct from the immediate foreshock location, 34 ° 
9.94' N, 116 ° 49.38' W, which lies roughly 5.5 km to the 
southeast of the mainshock. The Big Bear earthquake was 
recorded by strong-motion stations operated by the SCSN 
and by six broadband TERRAscope stations. In this article, 
we analyze data from five TERRAscope stations (GSC, ISA, 
PAS, PFO, SVD; see Fig. 1) to investigate he Big Bear fore-, 
main-, and aftershock sequence and to place limits on the 
rupture characteristics of the Big Bear mainshock. 
The Big Bear Mainshock 
To guide our subsequent more-detailed investigations, 
we first obtain average source parameters, including source 
depth, for the Big Bear mainshock using a grid-search source 
estimation algorithm developed by Zhao and Helmberger 
(1994). This algorithm selects the source mechanism that 
minimizes the L1 and L2 norms between the data and syn- 
thetics, using P.~ waveforms plus whole waveforms (ideally) 
for all three components oreduce the effects of data-model 
misfit and produce a stable solution from a relatively sparse 
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Table 1 
Big Bear Events 
Date M w Strike Dip Rake 
Location 
Depth L~mde Longim~ 
(km) (~) (~V) 
1. 9206281443 5.2 210 86 330 14 34.16 116.85 
2. M~nshock 6.5 320 86 200 11-14 34.21 116.83 
3. 9206281701 4.8 118 83 145 14 34.18 116.92 
4. 9206281748 4.3 324 90 200 8 34.22 116.75 
5. 9206291441 4.4 113 85 150 7 34.12 116.99 
6. 9207012053 4.0 343 90 214 6 34.29 116.72 
7. 9207030415 3.9 230 80 150 16 34.18 116.78 
8. 9207090143 5.3 246 46 102 2 34.24 116.84 
9. 9208172041 4.8 285 65 150 15 34.18 116.87 
10. 9208180946 4.0 268 52 118 11 34.18 116.88 
11. 9208241351 4.0 330 75 178 8 34.28 116.78 
12. 9211271600 5.2 118 70 176 5 34.34 116.88 
13. 9212040208 5.1 126 43 117 7 34.35 116.95 
14. 9212040525 4.3 106 72 140 5 34.37 116.90 
15. 9212041259 4.2 136 72 184 8 34.35 116.92 
data set. In this case, however, the broadband Pn, waveforms 
were too complex to be usable; attempts to estimate the 
depth of rupture initiation using depth phases in the Pn~ 
waveforms were not successful. However, an "average" 
depth was therefore obtained, based primarily on surface 
wave to Pnt amplitude ratios, using whole waveforms from 
TERRAscope stations Goldstone (GSC), Isabella (ISA), Pas- 
adena (PAS) and Pinon Flats (PFO). (Seven Oaks Dam (SVD) 
was too proximate to the source to use in this source-esti- 
mation scheme.) 
We cycled through source depths (5, 8, 11, 14, and 17 
km) to obtain an average depth for the event (Fig. 2). Source 
parameters for the five depths are consistent within 10 ° (Ta- 
ble 2), and depths of 11 and 17 km provide minimum error 
solutions for the broadband waveforms, followed closely by 
a depth of 14 km. Note that for every station, the modeled 
duration of the tangential component underpredicts hat of 
the data and that several peaks observed on the mainshock 
data for this component are not (and could not be) matched 
at stations GSC and PAS. Similar mismatches are observed 
for the radial and vertical components. Ratios of Pn~ to sur- 
face wave amplitude clearly require a source depth of at least 
11 kin. For broadband ata convolved with a LP3090 in- 
strument, a depth of 17 km produces the lowest error solu- 
tion. The source-time function was fixed by cycling through 
simple triangles (0.4 to 4 sec duration) and selecting the one 
that minimized error, in this case, a 1.0 sec triangle, though 
records at PFO clearly require a longer time-funcfion. A so- 
lution using records from PFO alone produced a source- 
mechanism consistent with the four-station solution (Table 
2) but required a 3.5 sec triangle, suggesting rupture direc- 
tivity away from station PFO. Given the modeled source du- 
ration of about 1 sec and a moment (averaged for depths of 
11 and 14 km; see Table 2) of 2.0 x 102s dyne-cm, we 
estimate a stress-drop of about 3.62 Kbars assuming a cir- 
cular fault model. Not only is the moment obtained assuming 
a single source too low, but the stress drop under this as- 
sumption is unreasonably high. This result, and the com- 
plexity of the recorded waveforms, suggest hat the main- 
shock may be composed of separate smaller subevents, 
initiating several seconds after each other. 
The Big Bear Sequence 
Three significant (M > 4) foreshocks to the Big Bear 
mainshock and more than 550 aftershocks (M > 1.9) were 
recorded between 28 June 1992 and 31 December 1992. The 
Big Bear sequence appears to have occurred entirely within 
the San Bernardino Mountains block, which is bounded on 
the north by the North Frontal fault zone (Meisling and Wel- 
don, 1989) and on the south by the Mill Creek fault and the 
San Bernardino segment of the San Andreas fault (Matti et 
al., 1992). Seismicity appears to shallow to the north and to 
the south, suggesting that these bounding faults may define 
a spatial boundary for the deformation associated with the 
Big Bear sequence (Hauksson, 1993). 
We determine fault-plane solutions for twelve signifi- 
cant (M w > 4) aftershocks, plus the 14:43 GMT M~ = 5.3 
foreshock and the mainshock using a grid-search algorithm 
developed by Zhao and Helmberger (1994). The selection 
of earthquakes xamined includes every event above mag- 
nitude 3.9 for which coherent, high signal-to-noise 
TERRAscope data are available (Fig. 3a, Table 1). The se- 
quence is dominated by relatively deep (12 to 17 km) to 
intermediate (7 to 11 km) depth northwest-striking ri ht lat- 
eral and northeast-striking left lateral strike-slip events on 
trends parallel to both planes of the mainshock source mech- 
anism. We infer that the left lateral earthquakes lie along or 
form trends parallel to the broad northeast trending swath of 
seismicity seen in Figure 1, while right lateral and thrust 
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Figure 2. Point-source modeling results for the Big Bear mainshock for source- 
depths of 8, 11, 14, and 17 km. The source orientations (listed by depth in Table 2) 
are determined using a grid-search algorithm developed by Zhao and Helmberger 
(1994). The best-fit source-time function (assuming one source) is a 1.0 sec triangle, 
though records at PFO clearly require alonger time function. Synthetics for the source 
estimation are computed using the reflectivity method and the Standard Southern Cal- 
ifornia model (Hadley and Kanamori, 1977). 
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Table 2 
Point Source Results 
Depth Moment 
Source (kin) (dyne-cm) Strike Dip Rake 
This study 5 7.5 × 1024 223 62 353 
This study 8 1.4 × 1025 216 71 347 
This study 11 2.1 × 1025 220 85 348 
This study 14 1.9 × 1025 216 82 344 
This study 17 2.1 × 1025 217 88 337 
Thio (1992) 13 2.8 × 1025 217 86 343 
events tend to lie along northwest trends and along the north- 
ern and southwestern e ds of the aftershock trends. Two 
shallow thrust events occurred (4 December 1992) along the 
frontal fault that bounds the northern extent of the aftershock 
sequence, and two oblique-slip to thrust events (17 and 18 
August 1992) were recorded at the southwestern e ds of the 
aftershock trends. Focusing on aftershocks that occurred 
within the first 24 hr of the Big Bear mainshock (Fig. 3b), 
an upside-down T-shaped pattern is evident, with events 
both along the presumed NE-striking rupture plane and the 
NW-strildng antithetic plane. 
Analysis 
Directivity Analysis 
The location of the Big Bear mainshock hypocenter be- 
ing north and west of the observed long-term NE-trending af- 
tershock trend, yet parallel to northwest-vending short-term 
aftershock activity (Figs. 3a and 3b), suggests initial rupture 
to the northwest. To investigate rupture directivity, we com- 
pare the short- and long-period amplitudes of the Big Bear 
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Figure 3. (a) Map showing the location of the Big Bear earthquake (large star) and 
the location of other M > 1.9 aftershocks in the sequence, through 31 December 1992 
(smaller stars). Filled symbols indicate fore- and aftershocks occurring within the first 
day of the mainshock; open symbols indicate later events. Events with focal spheres 
are numbered in the order of occurrence and listed in the same order on Table 1. The 
focal mechanisms are determined by a grid-search method (Zhao and Helmberger, 
1994). Landers rupture is shown with heavy line. (b) Map showing aftershocks that 
occurred within the first 24 hr of the mainshock. Mainshock is shown as large star. 
event with amplitudes of smaller events in the sequence. As 
discussed by Helmberger t al. (1992), this type of compari- 
son can be used to indicate the rupture direction. Analogous to 
the empirical Green's function method, this amplitude analy- 
sis isolates ource properties of the mainshock by assuming 
path effects and (in this case) radiation pattern are similar be- 
tween the mainshock and the nearby smaller event. 
For this study we have used the the 28 June 1992 14:43 
foreshock, the 28 June 1992 17:48 aftershock, the 17 August 
1992 M 4.8 aftershock, and the 24 August 1992 aftershock 
as "master" or reference events. Again, because ISA and PFO 
are nodal or near nodal for P energy and are at SH maxima, 
we examine the tangential components of displacement for 
these stations. Similarly, since PAS and GSC are at or near 
SH minima, we examine their vertical components of mo- 
tion. The broadband isplacement records (integrated from 
acceleration i the case of the mainshock and from velocity 
in the case of the master events) have been convolved with 
a short-period Wood-Anderson i strument response, which 
has a peak response at a dominant frequency of about 1 Hz, 
and the ratios of the peak short-period amplitudes for the 
tangential component (all 4 stations) are shown plotted 
against station-event azimuth in Figure 4a. The average sta- 
tion-event azimuth is indicated above the top curve (see sta- 
tion names), and all four curves are normalized such that the 
amplitude at GSC is 100. It is immediately evident that short- 
period amplitudes are highest in the direction of ISA and 
taper off to minima about 180 ° azimuth from ISA, i.e., in the 
approximate direction of PFO. The solid, thick curve repre- 
sents a simple theoretical computation for the doppler-shift 
effects on amplitude, assuming rupture toward station ISA 
and a rupture velocity of 0.7 times the assumed crustal shear 
wave velocity (3.0 km/s) (Aki and Richards, 1980). The 
same comparison for the vertical components i  shown in 
Figure 4b. Again, the amplitude ratios at ISA are consistently 
higher, and the ratios at stations PAS and GSC behave more 
as we might expect them to from the theoretical computation 
(unbroken line). Similar short-period analysis was per- 
formed for the 28 June 1992 14:43 foreshock, using the 28 
June 1992 17:48 aftershock, the 17 August 1992 aftershock 
and the 24 August 1992 aftershock as "master events" (Fig. 
4, panel c). In this case, it is evident that energy release was 
primarily to the north, in the direction of station GSC. 
Long-period irectivity studies were also performed, in
which the broadband records were convolved with an 
LP3090 instrument response, which has a peak response at 
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Figure 4. (a) Short-period Wood-Anderson 
amplitude ratios for the tangential component 
of displacement. Broad-band TERRAscope data 
were band-pass filtered, rotated, and convolved 
with a Wood-Anderson short-period response. 
The amplitudes of the malnshock tangential 
components for the stations PFO, PAS, ISA and 
GSC are shown, divided by the short-period 
amplitudes of the "master" event, and normal- 
ized so that station GSC has an amplitude ratio 
of 100. The solid line is a theoretical doppler- 
shift curve assuming propagation towards ta- 
tion ISA at a rupture velocity of 2.1 km/sec. (b) 
Short-period Wood-Anderson amplitude ratios 
for the vertical component of displacement. 
Values are normalized so that the amplitude 
ratios at GSC are equal to 100 for each main- 
shock/master event pair. (c) Short-period 
Wood-Anderson ratios for the tangential com- 
ponent of displacement, 14:43 foreshock, 
normalized so that the amplitude ratios at GSC 
are equal to 100. The master events used are 
the 28 June 1992 17:48 GMT aftershock, the 
17 August 1992 aftershock, and the 24 August 
1992 aftershock. The solid line is a theoretical 
doppler-shift curve for propagation towards 
station GSC. 
about 30 sec, and the amplitude ratios examined as described 
above. In this case, the curves flattened out at the lower 
frequencies, retaining only amplitude ffects from small ra- 
diation pattern differences (between mainshock and master 
event) at nodal stations. 
Empirical Green's  Funct ion Analysis 
To investigate the apparent complexity of the main- 
shock, particularly the possibil ity that it is composed of dis- 
tinct subevents, we first apply an empirical Green's  function 
(eGf) method. Numerous tudies have demonstrated that the 
eGf method, whereby complex path effects are deconvolved 
from an earthquake recording using a nearby smaller earth- 
quake, can provide accurate stimates of source parameters 
under certain circumstances (Bakun and Bufe, 1975; Mort 
and Hartzell, 1990; Ammon et aL,  1992). Empirical Green's  
functions can be used either with inverse methods to decon- 
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volve source properties (e.g., Mueller, 1985; Moil and Hart- 
zell, 1990) or in forward modeling efforts to "construct" a
large earthquake from one or more smaller events (e.g., 
Wennerberg, 1993). Ideally, an eGf should be at the same 
location and have the same source mechanism as the event 
that is being investigated to insure that both events have 
similar source and propagation characteristics. However, 
with longer period data, the method has been applied suc- 
cessfully using eGf-mainshock pairs that are separated by as 
much as a few kilometers (Ammon et al., 1992). 
Applying an eGf method to the Big Bear earthquake is 
complicated by the fact that no well-recorded Big Bear af- 
tershock is an ideal empirical Green's function. Furthermore, 
if the mainshock consisted of two separate subevents at dif- 
ferent depths, no single ideal eGf could exist. The foreshock 
is approximately 7 km southwest of the mainshock but has 
a similar depth of 14 km (from grid-search solution), a sim- 
ilar mechanism and waveforms (Fig. 3a and Table 1). Like- 
wise, two aftershocks have similar mechanisms, and loca- 
tions within 6 to 9 km of the mainshock, (roughly 8.8 km 
east and 6 km southwest of the mainshock and at depths of 
8 and 15 km, respectively). For the Big Bear event, we select 
as an eGf the M 4.8 aftershock, which occurred at 20:41 
GMT on 17 August 1992. Our earlier work featured the Mw 
= 5.2 foreshock that occurred at 14:43 GMT on 28 June 
1992 as eGf (Jones et al., 1993). 
Empirical Green's function deconvolutions for source 
time functions are unstable for myriad reasons (Moil and 
Hartzell, 1990). The deconvolution procedure involves com- 
putation of a spectral ratio and then an inverse Fourier trans- 
form to the time domain. The computational uncertainties 
associated with these procedures are well documented in
other studies. In this study, we adopt a forward modeling 
approach whereby recordings of the eGf are convolved with 
source time functions that contain one or more pulses. We 
prefer this approach for the Big Bear earthquake because it
allows a direct investigation of the number of subevents re- 
quired to fit the data (deconvolutions are often plagued by 
side lobes that can be difficult to interpret). Fundamentally, 
however, the two methods are conceptually consistent; hey 
differ only in the choice of how to deal with computational 
uncertainty. The pulses used for convolution with the em- 
pirical Green's functions are computed using a simple ex- 
ponential function designed to scale the frequency content 
of the source and insure that the low-frequency energy of 
the eGf is scaled up to higher magnitudes. This is concep- 
tually analogous to the frequency-domain method presented 
by Wennerberg (1990). The mainshock observations u ed in 
this study are accelerograms from four stations (GSC, ISA, 
PAS, PFO) in the TERRAscope array. Instrument gain was 
removed from these records; they were doubly integrated to 
obtain displacement, bandpass filtered from 0.02 to 7 Hz 
using a zero-phase, second-order Butterworth filter to pre- 
serve the broadband nature of the record, and then rotated. 
The aftershock records used as empirical Green's functions 
were very broad band (VBB) velocity records from the 
TERRAscope array. They were processed similarly: instru- 
ment gain removed, integrated once to obtain displacement, 
bandpass filtered from 0.02 to 7 Hz, and rotated. 
Although numerous aftershocks and a foreshock to the 
Big Bear earthquake were satisfactorily modeled with a 
point source and a standard earth structure (Jones and Helm- 
berger, 1993), we have shown that the observed mainshock 
waveform complexity cannot be fit with a simple, single- 
pulse source-time function (Fig. 2). A single-pulse source- 
time function of duration appropriate to an M = 6 to 6.5 
earthquake (5sec) is also tested using the eGf approach (Fig. 
5a) and fails to approximate either the frequency content or 
waveform shape of mainshock records. As the previous 
fixed-pulse models clearly fail, we test a simple, variable 
width single-pulse time history using the eGf approach (Fig. 
5b). Source-time function durations are assumed to be 1 sec 
for stations ISA and GSC, 1.2 sec at PAS, and 3.5 sec at PFO, 
based on earlier point-source modeling (Fig. 2). In each case, 
even allowing for variation in pulse width between stations, 
the single-pulse model fails to match significant arrivals on 
the mainshock waveforms (Fig. 5b). 
Substantially better esults are obtained with the addi- 
tion of a second pulse (Figs. 6a and 6b). Records at stations 
PAS and GSC require source-time functions composed of 
two pulses (Fig. 6b). For TERRAscope stations PFO and ISA, 
a third subevent is also suggested (Fig. 6b). Consistent re- 
sults were obtained by Jones et al. (1993) using the 14:43 
GMT foreshock as eGf. Although the modeling results are 
not perfect, they are successful in matching many of the 
more salient features of the observations and represent a
clear improvement over the single-pulse model results 
shown in Figures 2 and 5. 
The pulse widths in the inferred source-time functions 
(Fig. 6b) cannot be interpreted in terms of source-time func- 
tion durations because they indicate the pulse width relative 
to that of the empirical Green's function (note that ampli- 
tudes are relative to the amplitude ratios of the mainshock 
and empirical Green's function at each station). For the 17 
August 1992 aftershock (Figs. 6a and 6b) with a moment of 
2.93 × 1023, we obtain a moment of 5.34 × 1025, equivalent 
to a moment magnitude of Mw = 6.42. Given the effective 
source-time functions we derived from the foreshock (Jones 
et al., 1993) and the moment of the foreshock, a moment of 
5.3 × 1025 is obtained for the Big Bear mainshock. This is 
equivalent to a moment magnitude of Mw = 6.48. 
Assuming that the two pulses at stations GSC and PAS 
correspond to the first two pulses at stations ISA and PFO, 
we can use the inferred subevent spacings to solve for a 
relative location of the second subevent. Assuming further 
that the first subevent occurs at the SCSN-determined pi- 
center and that the subevent spacing is small compared to 
the event-station spacings, a parameter-search method is 
used to infer the subevent temporal and spatial spacing. An 
optimal solution yields a second subevent occurring 3.7 sec 
after the first, roughly 3.2 km and 15 ° east of south from the 
first subevent. Thus, the inferred subevent spacing toward 
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Figure 5. (a) The four panels show results for 17 August 1992 aftershock as eGf, 
assmning a simple, single-pulse model. The pulse duration is 5 sec, which is roughly 
what might be expected for an earthquake the size of the Big Bear mainshock. For 
stations ISA and PFO, on or near SH maxima, results for the tangential component of 
motion are shown. For stations GSC and PAS, on or near P-wave maxima, results for 
the vertical component of motion are shown. (b) The four panels show results assum- 
ing a simple variable-width single-pulse model. The source-time functions at stations 
GSC and ISA are 1 sec pulses, as observed in earlier point source modeling (Fig. 2); 
source duration at PAS is 1.2 sec and that at station PFO is 3.5 sec (from single-station 
point-source solutions using data from PAS and PFO, respectively). In each panel, the 
top trace is the raw eGf data, the dashed trace is the convolution of the eGf with the 
source-time function, and the bottom solid trace is malnshock data. Prior to convo- 
lution, the source-time functions are scaled to unit area. 
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Figure 6. (a) The four panels show results for the choice of 17 August 1992 af- 
tershock as eGf. For stations ISA and PFO, on or near SH maxima, results for the 
tangential component of motion are shown. For stations GSC and PAS, on or near 
P-wave maxima, results for the vertical component of motion are shown. The top 
trace is the raw eGf data, the dashed trace is the convolution of the eGf with the 
source-time function, and the bottom solid trace is mainshock data. (b) Preferred 
source-time functions for the choice of the 17 August 1992 aftershock as eGf. The 
source-time functions are scaled to unit area prior to convolution. 
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PFO is 3.7 sec minus the travel time projected on the azimuth 
towards PFO, while the inferred spacing toward ISA is 
roughly 3.7 sec plus the same amount. The location of the 
third postulated subevent cannot be determined from our re- 
sults. 
Line-Source Fault Models 
Motivated by results from our empirical Green's func- 
tion study, which suggest a Big Bear mainshock composed 
of at least two subevents, coupled with directivity results 
suggesting substantial rupture to the northwest, we attempt 
to place further limits on the Big Bear rupture characteristics 
by performing a line-source fault inversion study. 
A damped, nonnegative, least-squares inversion proce- 
dure (Lawson and Hanson, 1974) is used to obtain the sub- 
fault weighting values that give the best fit to the mainshock 
velocity and displacement waveforms. Additional imits are 
imposed by the choice of empirical Green's function used 
in the summation and inversion. As with the earlier point- 
source study, the eGf must be chosen carefully so that source 
depth, source mechanism, and source-station distance are 
appropriate for each source-station pair used in the inversion. 
To solve for the weighting amplitudes on each subfault, 
given the selected eGf seismograms and the mainshock ob- 
servations, we solve the following overdetermined system 
of linear equations: Ax = b, where A is the matrix of sub- 
fault synthetics (in this case, eGfs), x is the solution vector, 
consisting of subfault weights, and b is the data (observed) 
vector. We invert explicitly for subfault weightings. Other 
parameters must be specified, i.e., the smoothing weights for 
each inversion, rupture velocities, weighting for each trace, 
lag time between fault ruptures (for rupture geometries in- 
cluding more than one fault), and fault geometry. Numerous 
inversions were performed in this study, and the results pre- 
sented below represent our best solutions for each given 
choice of eGf and contain features consistent across all eGfs. 
Inversions were also run using theoretical Green's functions 
similar to those used in the point source modeling shown in 
Figure 2, producing results consistent with those obtained 
from the two eGfs but with a substantially higher least- 
squares misfit. 
Two aftershocks (28 June 1992 17:48 and 17 August 
1992 20:41 GMT) were selected as empirical Green's func- 
tions for this procedure. Mainshock data and the data used 
as empirical Green's functions were processed as described 
earlier in the section on eGf summation. Both the mainshock 
and eGf data were subsequently low-pass filtered with a cor- 
ner at 0.5 Hz. The 14:43 foreshock is not used here because 
of its own demonstrated directivity. Again, we use the ver- 
tical records at PAS and GSC and add the radial, as well. For 
ISA and PFO, we use all three components. Nodal or near- 
nodal components of motion at each station were given 
lower weightings in the inversion. Waveforms from station 
SVD (at an epicentral distance of 27.4 km) were included 
when available, as we felt it was important that the solution 
provide good fits for a station so close to the source. Moment 
was obtained, in this case and those that follow, by summing 
the weighting functions at each subfault and multiplying this 
sum by the moment of the appropriate eGf (Table 3). 
We use four initial single-fault models for the Big Bear 
earthquake, each consisting of a 16-km-long linear fault 
composed of 16 1-km-long blocks, with a point source in 
the middle of each block. Fault lengths were chosen upon 
examination of the spatial distribution of aftershocks toward 
the northwest and toward the northeast. Based on directivity 
results, two of the models consisted of faults with north- 
western strikes of 320 ° . In one case, rupture was specified 
to proceed unilaterally from the southeastern e d of the fault 
to the northwestern end, at a rupture velocity of Vr = 2.7 
km/sec. Rupture velocities of 1.7, 2.3, 3.0, 3.3, and 3.7 were 
also tested, but the best results were obtained assuming Vr 
= 2.7 km/sec. The other case featured bilateral (NW-SE) 
rupture at the same rupture velocity on a northwest-striking 
fault. To force the inversion to simulate the effect of sepa- 
rate, discrete subevents, we apply minimal smoothing be- 
tween subfaults. 
We also test two models that feature single linear 16- 
km faults with a 50 ° north-easterly strike. In these cases, 
rupture proceeds unilaterally from the southwestern end of 
the fault to the northeastern i  one case and bilaterally from 
the epicenter in the other. Other rupture scenarios (that is, 
rupture beginning at the northwest end of the northwest- 
striking fault or at the northeast end of the northeast-striking 
fault) are inconsistent with mainshock location and after- 
shock distribution. 
Both unilaterally and bilaterally rupturing single-fault 
parameterizations failed to produce reasonable solutions, 
even after the fault lengths were increased so subevents 
could distribute themselves spatially and thus temporally as 
far apart as possible. Of the models run, quantified least- 
squares misfit analysis indicates that, overall, weighted 
waveform fits provided by the NE-striking unilaterally rup- 
turing fault are about 9% better than those provided both by 
the NW-striking unilaterally rupturing fault and the NE- 
striking bilaterally rupturing fault. However, visual wave- 
form comparisons indicate that significant phases are not 
matched by the results from any of these models. Figure 7 
shows results from one such single-fault model, a single bi- 
laterally rupturing fault striking to the northeast (N50°E), 
assuming a rupture velocity of Vr = 2.7 km/sec. This fault 
model is suggested by the mainshock source location with 
respect to aftershock distribution along a NE-SW trend (Fig. 
3b). For this inversion, the 28 June 1992 17:48 GMT after- 
shock was used as an eGf. Important characteristics of sev- 
eral waveforms are not well modeled, including the pro- 
longed duration of ISA (tangential component). 
As we could not obtain required temporal subevent 
spacings from one fault without increasing its length beyond 
that suggested by extent of seismicity, we experimented with 
a number of two-fault models, using both NW and NE-strik- 
ing faults. The geometry and orientation of the two faults is 
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Table 3 
Summary of Line Source Results 
eGf Date eGf M w Mainshock M~ NW Fault NE Fault Tl, ~ 
(yymmddhhmm [CMT]) (dyne-cm) (dyne-era) (dyne-cm) (dyne-era) (sec) 
9206281748 5.17 × 1022 5.86 × 1025 2.61 × 1025 3.25 × 1025 3.75--4.00 
9208172041 2.35 × 1023 5.83 × 10 ~ 2.64 × 1025 3.19 × 10 ~ 4.00-4.25 
data 0.7 0.3 
GSC'Rsn....-sY~-~f'x,./N~,~]I[I 'r,^I~A! 0.5 PAS, Z 0.2 
GSC, Z 
ISA, T 
32 
0.7 PFO, T 1.1 
- - ~  1.5 ~ 1.3 
0.9 PFO, R 0.3 
0.1 
ISA, R 0.I 
0.2 
ISA, Z 0.1 
PFO, Z 
SVD, T 
0.5 
0.3 
3.0 
1.2 
PAS, R 
0.3 
0.2 SVD, R 
1.8 
1.3 
17:48 GMT aftershoek as eGf 
1-Fault Model NE, Bilateral 25 seconds 
Figure 7. Line-source fault inversion results, in displacement, for a single-fault 
model striking 50 ° (northeast). The 28 June 1992 17:48 GMT aftershock was selected 
as eGf. Synthetics are shown plotted below the data for each station, and relative 
amplitudes are indicated to the right of each pair of traces. 
again based on aftershock distribution, as well as on the 
results from the empirical Green's function summation 
study. Due to directivity results and mainshock location 
(Figs. 3a and 3b), initial unilateral rupture was specified to 
occur on the NW-striking fault. Parameterization f the sec- 
ond fault is similar to that of the first: 16 1-km blocks, with 
a point source in the middle of each. Given the relative am- 
plitudes at stations GSC, ISA, and PAS, (i.e., GSC not sub- 
stantially larger than PAS and smaller than ISA), and given 
the results for NE-trending faults in the single-fault study, 
unilateral and bilateral ruptures at a rupture velocity of Vr 
= 2.7 km/sec were initially assumed. Rupture velocities of 
1.7, 2.3, 3.0, 3.3, and 3.7 km/sec were again tested, but the 
best results were obtained assuming Vr = 2.7. We also test 
several other double-fault models (Figs. 8a and 8b). Lowest 
misfit is obtained from the NW-striking fault paired either 
with the unilaterally or bilaterally rupturing NE-striking 
fault, depending on the choice of eGf. A two-fault model 
composed of two NE-trending faults also provided low mis- 
fit values for both eGfs, though the synthetics failed to fit 
several key waveforms, including all three components of 
displacement recorded at station ISA. Since no choice of 
empirical Green's function is perfect, we present results 
from two eGfs and illustrate the consistencies between them. 
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Figure 8. (a) Percentage misfit relative to the lowest misfit value for each eGf, 
plotted against delay time (in seconds) between the two ruptures for four two-fault 
models, from line-source modeling using the 28 June 1992 17:48 GMT aftershock as 
eGf. Values shown are percentage increase in misfit relative to the minimum misfit for 
all models. Each misfit value is normalized with respect to number of traces used in 
the inversion (in this case, 12). This is to facilitate comparisons between results for the 
two eGfs. Associated one-fault models are shown at delay time (dT) equals zero. For 
the one-fault models, a triangle indicates misfit value from a single NW-trending uni- 
laterally rupturing fault, an octagon shows misfit from a single NE-striking unilaterally 
rapturing fault, and a star indicates that from a single bilaterally rupturing NE-stfikdng 
fault. For the two-fault models, triangles indicate misfit results from a two-fault model 
composed of two unilaterally rupturing NW-striking faults; hexagons show results from 
two unilaterally rupturing NE-striking faults. Crosses how results from a NW-striking 
unilaterally rupturing fault, followed by a NE-strildng unilaterally rupturing fault. Stars 
indicate misfit results from a NW-stfiking unilaterally rupturing fault, followed by a 
NE-striking bilaterally rupturing fault. (b) Norm of misfit plotted against delay time 
between the two ruptures for four two-fault models, from line-source modeling using 
the 17 August 1992 aftershock as eGf. Values shown are percentage increase in misfit 
relative to the minimum misfit for all models, and misfits are normalized with respect 
to the number of mainshock waveforms used in the inversion, in this case, 10. Misfit 
results from single-fault and double-fault models are indicated as in part (a). 
We obtain a good fit to the data using the 28 June 1992 
17:48 aftershock as an eGf and assuming an initial north- 
west-trending rupture, with the two-fault geometry described 
above (Fig. 9). Although depth mismatch between eGf and 
that observed has contributed to overlarge synthetic surface 
wave to Pn~ wave amplitude ratios at some stations, we have 
matched the more unusual and salient characteristics of these 
waveforms. A comparison of least-squares misfit for the 
chosen single-fault model (NE-striking, bilateral rupture) 
and the two-fault model indicate a 11% improvement in 
overall weighted misfit for the two-fault model over the one- 
fault model. Comparing the quantitative misfit values for 
each trace, we find some cases in which results for a two- 
fault model are actually higher than those provided by the 
lowest error one-fault model, although the overall weighted 
misfit to the collective data set is decreased. Variance is de- 
creased by approximately 11 to 49% for traces weighted 
most heavily in the inversion (ISA tangential 49%; SVD ra- 
dial 30%, tangential 23%; PFO tangential 11%). 
The distribution of subfault weights resulting from this 
inversion are shown in Figure 10. Here, we see the sugges- 
tion of two subevents on the NW-striking fault and moment 
release distributed in both directions on the NE-striking 
fault. The total moment for this inversion is 5.86 × 1025 
dyn-cm, which is equivalent to a moment magnitude of 6.44, 
with 2.61 × 1025 dyne-cm (44.6% of moment release) dis- 
tributed on the NW-striking fault and 3.25 × 1025 dyne-cm 
(55.4% of moment release) distributed on the NE-striking 
fault. The best-fit ime lag between rupture on the first and 
second faults is (Fig. 8a) Tlag = 3.75 to 4.0 sec. 
We also perform a line-source inversion for subfault 
weightings using the 17 August 1992 aftershock as eGf. This 
event has a source depth of about 15 km and produced high- 
quality records at stations GSC, ISA, PAS, and PFO. In this 
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Figure 9. Line-source fault results, in displacement, for the choice of the 28 June 
1992 17:48 GMT aftershock as eGf and assuming the fault orientation shown in Figure 
11. Synthetics are shown plotted below the data for each station, and relative amplitudes 
are indicated to the fight of each pair of traces. The rupture velocity was Vr = 2.7 km/ 
sec for both faults, and best-fit ime lag between rupture on the first (NW) and second 
(NE) faults (Fig. 8a) is Tlag = 3.75 to 4.0 sec. 
case, station SVD is not included in the inversion, as records 
were not available for this event. Results for the inversion 
using this eGf are shown in Figure 11, and distribution of 
subfault weights for this inversion is shown in Figure 12. 
The inversion featuring bilateral rupture on the second, NE- 
striking fault had lowest error, so we show these results here. 
Again, the inversion suggests two subevents on the NW 
trending fault, with moment release in both directions on the 
NE-SW trending fault. Total moment for this inversion is 
5.83 × 1025 dyn-cm, which is equivalent, o a moment mag- 
nitude of 6.44, with 2.64 × 1025 dyn-cm (45% of moment 
release) distributed on the NW-trending fault and 3.19 × 
1025 dyn-cm (55% of moment release) distributed on the NE- 
trending fault. The best-fit ime lag between rupture on the 
first and second faults (Fig. 8b) is Zlag = 4 .0  tO 4.25 sec. 
The two line-source inversions thus yield consistent re- 
suits, with a time lag of roughly 4 sec between the onset of 
initial unilateral rupture on the NW plane and a second uni- 
lateral or bilateral subevent on the NE plane. The inferred 
moment partitioning between the NW- and NE-striking 
faults is roughly equal. These results are generally consistent 
with the eGf point-source results, which yielded a second 
subevent initiating a few kilometers S-SE of the first one. 
The inferred time lag between subevents i consistent with 
our optimal results from the point source eGf analysis (3.7 
sec versus 3.75 to 4.25 sec). The line-source results are also 
consistent with results from the directivity analysis; the over -• 
all event directivity is controlled by the unilateral NW rup- 
ture rather than the NE-SW rupture, which may have been 
bilateral. 
Discussion 
The Big Bear mainshock was a significant, if enigmatic, 
earthquake in its own right. A Mb 4.1 foreshock that pre- 
ceded the mainshock by only 40 sec, the lack of surface 
rupture, and the demonstrated source complexity all conspire 
to obscure the rupture history of this event. It is possible that 
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Figure 10. Cartoon showing the assumed two- 
fault geometry for the 28 June 1992 17:48 GMT af- 
tershock inversion and final distribution of subfault 
weightings obtained from this inversion. Note the two 
subevents on the NW-trending fault plane. Each sub- 
fault is a 1 km by 1 km square. 
the two mainshock subevents occurred at different depths 
and thus that the mainshock "hypocentral depth" may never 
be accurately determined. These uncertainties inevitably 
complicate any analysis, including the eGf procedure pre- 
sented in this article. 
Notwithstanding these limitations, we have presented a 
combination of point-source eGf, line-source Gf, and di- 
rectivity analysis that reaches a consistent rupture scenario 
for the Big Bear earthquake. Our interpretation derives ome 
support from general geologic evidence that the NW-trend- 
ing lineaments in the region are better developed than the 
NE-trending features (P. M. Sadler, personal comm., 1993) 
and from an independent engineering assessment that the 
damage pattern from the earthquake is suggestive of NW- 
directivity (S. Mendes, personal comm., 1994). 
We suggest the following scenario for the sequence: the 
14:43 M 5.2 foreshock occurred near 34 ° 10' N, 116 °49' W 
and ruptured north-northeastward. A smaller, M 4.0 fore- 
shock occurred in a similar location at 15:04 GMT. Rupture 
during the Big Bear earthquake began at 15:05 GMT at 34 ° 
12.4' N, 116 ° 50.1' W, to the north of the foreshocks, and 
ruptured primarily to the northwest, with possibly a few kil- 
ometers of rupture to the southeast as well. Approximately 
4 sec later, rupture initiated along a NE-striking surface close 
to the location of the foreshocks. Rupture along the NE- 
striking plane may have been bilateral. 
Rupture on conjugate nodal planes, while considered 
unusual, has been suggested or inferred in other sequences, 
including the 1947 Manix earthquake (Doser, 1990), the 
1984 Round Valley sequence (Priestly et al., 1988), the 1986 
Chalfant sequence (Smith and Priestly, 1988), and the 1987 
Superstition Hills sequence (Hudnut et al., 1989). In the 
1984 Round Valley sequence, initial rupture on a NE-strik- 
ing fault was followed within a few hours by activity on a 
NW-stfiking conjugate fault. The 1986 Chalfant sequence 
featured aMz 5.7 foreshock that ruptured ownward and to 
the southwest along a NE-striking fault, followed by a Mz 
6.4 mainshock that initiated deeper and ruptured upward 
along the NW-striking conjugate fault. In the Superstition 
Hills sequence, Hudnut et al. (1989) conclude that cross- 
fault triggering occurred after a delay of about 11 hr. Co- 
seismic rupture on conjugate normal faults was observed in 
the 1980 Irpinia, Southern Italy, sequence (Crosson et aL, 
1986; Bernard and Zollo, 1989), and conjugate normal fault- 
ing was observed in the 1984 Devil Canyon, Idaho, sequence 
(Jackson, 1994). 
Classic cross-fault triggering features an L-shaped rup- 
ture on conjugate planes, consistent with predicted Coulomb 
stress change triggering (e.g., Hudnut et aL, 1989). In our 
case, simple static stress considerations predict hat unilat- 
eral NW rupture would trigger SW but not NE rupture on 
the conjugate surface. However, earthquake-triggering pro-
cesses are likely to be more complex than simple Coulomb 
stress changes would dictate. Dynamic forces on the SW- 
NE nodal plane may have been sufficient o overcome the 
Coulomb stress increase due to the NW rupture. It is more- 
over likely that, overall, the sequence of Big Bear subevents 
occurred in response to considerable static changes caused 
by the Mw = 7.3 Landers event just 3 hr earlier. 
In addition to static stress changes caused by the Lan- 
ders earthquake, it is possible that the Big Bear sequence 
accommodated rotational forces. The primary manifestation 
of clockwise rotation caused by the right lateral Landers rup- 
ture should be left lateral motion on NE-striking faults. How- 
ever, the predominance of NW-striking lineaments within 
the San Bernardino mountains block suggests that he region 
may be subdivided into smaller blocks that do not each span 
the full width of the mountains. If this is the case, right lateral 
motion may occur on NW-striking faults within the San Ber- 
nardino mountains (i.e., right lateral shear is accommodated 
across a system of faults, rather than only on the bounding 
faults). The paucity of well-developed NE-trending faults 
and lineaments through the Big Bear region (P. M. Sadler, 
personal comm., 1993) supports this hypothesis. 
The high relative amplitudes at station ISA northwest of 
the mainshock and on azimuth with the northwest-striking 
nodal plane provide prima facie evidence for substantial mo- 
ment release along this surface. We note that these ampli- 
tudes cannot be explained as an artifact of bilateral rupture 
along the NE-striking plane because PFO would then be ex- 
pected to have similar high amplitudes, which is not ob- 
served. However, it is possible that bilateral rupture of the 
second subsevent results in minimal northeast directivity. 
We conclude that the previous presumption of a NE- 
striking mainshock rupture plane is attributed to an overall 
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Figure 11. Line-source fault results, in displacement, for the choice of the 17 Au- 
gust 1992 aftershock and assuming the fault orientation shown in Figure 12. The rupture 
velocity was Vr = 2.7 km/sec for both faults, and best-fit ime lag between rupture on 
the first (NW) and second (NE) faults (Fig. 8b) is T~ag = 4.0 to 4.25 sec. 
(long-term) aftershock distribution that is misleading. It is 
not necessarily true that regions of high mainshock slip will 
correspond to regions of the most intense aftershock activity; 
in fact, areas of high slip and/or total stress release may 
correlate instead with sparse aftershock activity (Beroza, 
1991). We also note that a dense concentration of after- 
shocks occurred south of the Pinto Mountain fault (Fig. 1) 
within the Landers sequence, associated with only 20 to 40 
cm of aftershock-related slip (Hough et al., 1993). 
In the aftermath of the Landers mainshock, the Barstow 
region has also been characterized by high aftershock activ- 
ity, in this case with no primary rupture. It is interesting to 
note that Barstow, the Pinto Mountain fault, and the pro- 
posed NE-trending Big Bear "fault" are all areas of high 
postseismic deformation (Shen et al., 1993). Moreover, sev- 
ern lines of evidence suggest that the Big Bear event was, 
overall, a high-stress-drop earthquake (Jones and Helmber- 
ger, 1993), and the NW-striking rupture could be shorter 
than the NE-striking rupture if the former were particularly 
high-stress drop. 
Although surface rupture was not identified in the im- 
mediate aftermath of the Big Bear mainshock, possible v- 
idence of surface rupture was observed, with a maximum of 
3 to 4 cm of right lateral displacement over several hundred 
meters (Rasmussen, personal comm., 1993). The strike of 
this trace, which was roughly N48 ° W, agrees with our in- 
ferred rupture direction, displaced approximately 4 km to 
the southwest. Alternatively, these features have been inter- 
preted as local slumping effects (K. Sieh, personal comm.). 
Our results have several implications for the tectonic 
structure of the Big Bear region. The NW-trending rupture 
plane coincides with a topographic lineament that extends 
from the Sugarloaf epicenter past Moon Ridge (and the 
nearby subdivision of Moonridge), suggesting that this lin- 
eament is fault-controlled (L. Seeber, personal comm., 
1993). Both the surface rupture and the NW-striking "Moon 
Ridge lineament" or fault are parallel to both the Helendale 
fault to the NE and to the distributed faults in the Mojave 
shear zone (Dokka et aL, 1992), suggesting that the fabric 
of the Mojave shear zone may persist under the San Ber- 
nardino mountains. 
Geological investigations in the San Bernardino moun- 
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Figure 12. Cartoon showing the assumed two- 
fault geometry for the inversion using the 17 August 
1992 aftershock as eGf and final distribution of sub- 
fault weightings obtained from the inversion. Note the 
two subevents on the NW-trending fault plane. 
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tains also provide evidence for both NE and NW faulting, 
with a better-developed NW-trending fabric (Sadler, 1993; 
Sadler, personal comm., 1993). The complex nature of the 
Big Bear rupture, the observed complications of aftershock 
mechanisms, and the distributed locations of the aftershocks 
further suggest that the San Bernardino mountains may be 
characterized by pervasive conjugate (NE/NW) fault sets. 
Thus, it is possible that numerous faults within the region 
are capable of producing earthquakes of moderate size. 
The second implication of our results concerns the effect 
of the Landers/Big Bear sequence on the nearby San An- 
dreas fault. Several studies (e.g., Stein et al., 1993; Harris 
and Simpson, 1993; Jaume and Sykes, 1992) have concluded 
that he stress changes caused by the Landers earthquake and 
the presumed (i.e., northeast-trending) Big Bear rupture 
would tend to move the San Andreas fault closer to failure 
both along a southern segment (Indio to the Salton Sea) and 
along the San Bernardino segment, while reducing normal 
stress on the San Andreas between the two segments. How- 
ever, the NW-striking "Big Bear" fault is roughly parallel to 
the San Bernardino segment of the San Andreas and would 
thus tend to reduce its shear stress. Although a definitive 
partitioning of moment release on the two faults is beyond 
the scope of our investigations (and may be beyond the re- 
solving capacity of the data), our results suggest that sub- 
stantial moment release did occur on the presumed antithetic 
fault plane and that the effects of this event on the nearby 
San Andreas fault should be reexamined. 
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